D NA gyrAse is AN esseNtiAl type ii topoisomerAse that catalyzes the introduction of negative supercoils using the free energy of adenosine triphosphate (Atp) hydrolysis. the enzyme is composed of 2 subunits, gyrase A (gyrA) and gyrase B (gyrB), that form a functional A 2 B 2 heterotetramer required for bacterial viability. the N-terminal domain of the gyrB subunit contains the Atpase active site, and the C-terminal domain is necessary for the interaction with the gyrA subunit and DNA. the gyrA subunit is involved in the cleavage and reformation of DNA strands needed to supercoil DNA. 1-3 the gyrA subunit is targeted by quinolone antibiotics, which have broad-spectrum activity against both gram-positive and gramnegative bacteria. the gyrB subunit is targeted primarily by natural product antibiotics such as the aminocoumarin antibiotics (e.g., novobiocin 4 and coumermycin 5 ), as well as cyclothialidine. 6 mutations that confer drug resistance to all 3 antibiotics have been reported. 7, 8 mutations associated with both coumarin and cyclothialidine resistance map to the periphery of the Atp binding site of gyrB that hydrolyzes Atp. 9 the emergence of bacterial strains resistant to existing antibiotics makes it imperative to develop new classes of antibiotics that take into account these known mutations and, to the extent possible, restrict their mode of action to portions of the enzyme that are conserved by functional necessity. residues required for coupling Atp hydrolysis to DNA supercoiling in gyrB have been identified using site-directed mutagenesis. 9 Along with these extensive mutational data, analysis of high-quality crystal structures suggests the value of pursuing next-generation gyrB inhibitors that target the Atp binding domain. 10 the Atp binding site within gyrB is highly conserved across bacterial species and is not present in humans, making it suitable for the development of broadspectrum antibiotics.
Because the bacterial gyrase holoenzyme has been the subject of multiple drug discovery efforts, many assays exist to measure its activity. Assays used for general studies of the holoenzyme as well as many high-throughput screens measure the ability of the enzyme to convert relaxed DNA into supercoiled DNA. most of these studies use an assay that couples Atp hydrolysis to nicotinamide adenine dinucleotide (NADH), resulting in a measureable colorimetric change. 6, 9, 10 similar assays directly measure the total level of supercoiled DNA using agarose gel separations or fluorescent dyes. [11] [12] [13] Cell-based assays that measure the level of DNA damage have also been used to measure gyrase activity. 14 Although all of these assays can be used to measure the activity of the gyrase holoenzyme, they often require multiple addition steps, cannot separate gyrA from gyrB inhibitors, and do not focus on the Atp binding domain. one assay has been described that measures the direct binding of [ 3 H]dihydronovobiocin to a biotin-labeled 43-kDa fragment of gyrB using a scintillation proximity assay (spA). 15 Although the spA directly examines the Atp binding domain, an assay that uses fluorescence rather than radioactivity would be better suited for high-throughput screening (Hts).
Fluorescence polarization (Fp) is a homogeneous assay that can be used to measure the binding interaction between molecules. 16 Fp is based on the principle that a fluorophore excited by polarized light will also emit polarized light. molecular motion, which is dependent on the size of the molecule, causes depolarization of the light by radiating at a different direction than the incident light. A small unbound fluorescent probe rotates rapidly and maintains low levels of polarization after excitation. if the fluorescent probe binds to a larger molecule, such as a protein, forming a stable complex, the bound probe rotates more slowly and increases the amount of polarized light. Binding is directly related to the polarization level of the sample: an unbound fluorescent probe has low Fp, and a bound fluorescent probe has high Fp. the Fp assay is well suited for measuring the interaction between molecules in real time and is commonly used in Hts. 17 this article presents the development and optimization of a novel Fp assay to detect competitive inhibitors of the Atp binding domain of Francisella tularensis gyrB. We have designed and synthesized a novel fluorescent probe by covalently attaching a texas red fluorophore to novobiocin (Novo-trX) guided by the gyrB/novobiocin crystal structure (protein Data Bank entry 1KiJ). 18 experiments were performed to develop the Fp assay and optimize the use of Novo-trX to measure the competition for binding to the Atp binding domain of F. tularensis gyrB. We have determined the kinetics of the interaction of Novo-trX with gyrB as well as the effect of common buffer additives on the interaction. the assay was also validated for use in Hts for inhibitors of the Atp binding domain by screening a small library of Food and Drug Administration (FDA)-approved compounds. this screen identified a known gyrB inhibitor as well as 4 members of the anthracycline family of cancer therapeutics (doxorubicin, idarubicin, epirubicin, and daunorubicin).
mAterIALS And metHodS

Reagents
All chemicals were purchased from sigma-Aldrich Chemical Company (st. louis, mo) unless otherwise noted.
Synthesis of Novo-TRX
the Novo-trX probe was synthesized by attaching a reactive secondary amine to novobiocin through a mannich reaction followed by conjugation to the texas red-X fluorescent dye. to produce the reactive novobiocin amine intermediate, novobiocin sodium (400 mg, 0.62 mmol), paraformaldehyde (10.5 mg, 0.69 mmol), methyl-amine (471 µl, 0.94 mmol from 2m tetrahydrofuran [tHF] solution), and acetic acid (56 µl, 0.94 mmol) were sealed in a glass microwave reactor vial with 4 ml of anhydrous tHF. After the mixture was heated for 3 h at 115 °C, the solvent was removed under reduced pressure. the crude reaction was purified by preparative high-performance liquid chromatography (HplC) to yield 115 mg of the pure product, which was confirmed by liquid chromatography/mass spectrometry (lC/ms) and 1 H-nuclear magnetic resonance (Nmr) analysis. the novobiocin amine intermediate (3.7 mg, 4.6 µmol) was dissolved in dry dimethylformamide (DmF; 200 µl) before texas red-X se (2.5 mg, 3.0 µmol; invitrogen, Carlsbad, CA) and triethylamine (50 µl) were added. the reaction was shaken for 2 h at room temperature, and then the entire mixture was directly injected onto the preparative HplC system running with acetonitrile and water (0.1% tFA) to yield the pure Novo-trX probe. the structure of Novo-trX was confirmed by lC/ms and 1 H-Nmr analysis.
Overexpression plasmids
gyrB was cloned into a pet28 expression plasmid (Novagen, madison, Wi) by polymerase chain reaction (pCr) from genomic DNA isolated from F. tularensis schu s4. primers were selected to add an amino-terminal His 6 -tag. gyrB was cloned using the forward primer 5′-AtAtAgCtAgCAtg ttAAtgtCtgAgAAtAAAgCttAtgAC and the reverse primer 5′-AtAtACtCgAgttAttAA-ACgtCtAAgttAA CCACAttAAgAg, which also added Nhei and Xhoi restriction enzyme sites, respectively. the sequence of gyrB was confirmed to be identical to the published source. 19 
Protein expression and purification
F. tularensis gyrB was produced from Escherichia coli Bl21 star (De3) (invitrogen) that carried the gyrB pet28 expression vector as described above. Briefly, gyrB was grown in luria-Bertani (lB) media at 37 °C until an optical density (oD) 600 of 0.4 was reached and then induced with 1 mm isopropyl β-D-1-thiogalactopyranoside (iptg). Bacteria were grown for 3 h at 30 °C after induction and then collected through centrifugation. the cell pellet was resuspended in tge (50 mm tris-HCl [pH 7.9], 5% glycerol, and 0.5 mm ethylenediaminetetraacetic acid [eDtA]) and incubated with 250 µg/ml lysozyme for 20 min at 4 °C. Bacteria were lysed using sonication (4 × 30 s, 70% amplitude) and then centrifuged for 25 min at 22,000 g to remove cell debris. gyrB was isolated from the supernatant fraction of the E. coli lysate by a multistep purification procedure using the AKtA explorer (ge Healthcare, piscataway, NJ). to begin, the supernatant was loaded onto a 5-ml Hitrap Heparin column (ge Healthcare) equilibrated with tge. Unbound material was washed from the column, and protein was eluted with a 0-1m NaCl gradient over 10 column volumes (CV) with a flow rate of 4 ml/min, and 4-ml fractions were collected. Fractions containing gyrB were identified using sodium dodecyl sulfatepolyacrylamide gel electrophoresis (see supplemental data online at http://jbx.sagepub.com/content/by/supplementaldata) and Western blotting for the amino-terminal His-tag, if necessary. elution fractions containing gyrB were pooled, and guanidine HCl was added to produce a final concentration of 0.3 m. the pooled fractions were then loaded onto a 5-ml Histrap nickel column (ge Healthcare) that was equilibrated with the low imidazole buffer (500 mm NaCl, 50 mm tris-HCl [pH 7.9], 20 mm imidazole, and 0.01% tween-20). the protein was eluted using a buffer containing 400 mm imidazole over 15 CV with a flow rate of 3 ml/min, and 3-ml fractions were collected. the pooled fractions containing gyrB were then loaded onto a 120ml sephacryl 16/60 s-200 Hr size exclusion column (ge Healthcare) preequilibrated with a buffer containing 200 mm NaCl, 50 mm tris-HCl (pH 7.9), 0.5 mm eDtA, 5% glycerol, 1 mm dithiothreitol (Dtt), and 5 mm mgCl 2 . An isocratic elution was performed with a flow rate of 1 ml/min for 1.5 CV, and 5-ml fractions were collected. Fractions containing purified gyrB were pooled and dialyzed into storage buffer (25 mm NaCl, 50 mm tris-HCl [pH 7.9], 0.5 mm eDtA, 50% glycerol, 1 mm Dtt, and 5 mm mgCl 2 ) using a 12-ml slide-A-lyzer, 10,000 mWCo (thermo scientific, rockford, il). protein concentration was determined using the Bradford protein assay kit (thermo scientific) with purified bovine serum albumin (BsA; thermo scientific) as the standard.
Equilibrium binding experiment
Association binding experiments were performed to determine the time necessary for the binding of Novo-trX and gyrB to reach equilibrium. these experiments were performed in quadruplicate in a volume of 20 µl of the assay buffer (25 mm NaCl, 50 mm tris-HCl [pH 7.9], 0.5 mm eDtA, 5 mm mgCl 2 , 5 mm Dtt, 5% glycerol) in black flat-bottom polystyrene NBs 384-well microplates (Corning, Corning, Ny). to initiate the experiment, an equal volume of 2× Novo-trX was added to 2× gyrB to produce a final concentration of 40 nm Novo-trX and 25, 50, or 100 nm gyrB. the level of Fp was determined using an Analyst Ht plate reader (molecular Devices, sunnyvale, CA) by exciting at 560 nm with polarized light through a Q595 long-pass dichroic mirror and measuring the amount of parallel and perpendicular light at 645 nm with medium attenuation and an acquisition time of 100 ms. the binding of Novo-trX to gyrB was measured every 30 s for 70 cycles. Upon completion of the association experiments, a 125fold excess of unlabeled novobiocin (10 µm final concentration) was added, and the change in polarization was monitored every 30 s for 70 cycles to measure the dissociation. the dissociation data were fit using a 1-phase exponential decay equation, y = span * exp(-K * X) + plateau, by graphpad prism 4 (graphpad software, san Diego, CA) to determine the average half-life of dissociation.
Saturation binding experiment
Binding experiments using a constant concentration of Novo-trX and increasing concentrations of gyrB were performed in quadruplicate to optimize the window of the assay and to determine the amount of gyrB needed to saturate the binding of Novo-trX. A method was developed that closely mimics the desired order of addition used in the high control samples of the Hts to measure binding. A serial dilution of 3× gyrB (0-2500 nm final concentration) was made in the assay buffer and mixed with an equal volume (7 µl) of 3X Novo-trX (40 nm final concentration). the mixture was then diluted with the assay buffer + 15% Dmso to result in the final concentrations of Novo-trX, gyrB, and 5% Dmso. the samples were incubated for 1 h, and the Fp was measured as described above. to determine the concentration resulting in 50% saturation (eC 50 ), the data were fit using the sigmoidal dose-response equation, y = Bottom + (top -Bottom)/(1 + 10^(logeC 50 -X)), in graphpad prism 4.
Solvent susceptibility experiment
standard additives for drug screening were tested for their effect on the binding of 40 nm Novo-trX to 40 nm gyrB. the following components were tested: Dmso, triton X-100, tween-20, and BsA. Quadruplicate serial dilutions of a 2× stock of each component were made (10 µl final volume) in black flat-bottom polystyrene NBs 384-well microplates (Corning). to measure the Fp, 15 µl of a 2× complex (80 nm Novo-trX, 80 nm gyrB) in 2× assay buffer (50 mm NaCl, 100 mm tris-HCl [pH 7.9], 1.0 mm eDtA, 10 mm mgCl 2 , 10 mm Dtt, 10% glycerol) was added to 15 µl of a 2× serial dilution of the various components (20 µl total volume, final concentration of 40 nm Novo-trX/40 nm gyrB in assay buffer) and incubated covered for 1 h at 25 °C (room temperature). After the incubation, the Fp signal was measured as described above.
HTS of a small chemical library
A small chemical library comprising 1040 FDA-approved drugs (1 replicate of each) and 80 additional antibiotics (3 replicates of each) was used to validate the use of the gyrB Fp assay in identifying inhibitors of the Atp binding pocket through Hts. the library was screened twice using different preparations of gyrB. Compounds were screened in a 384-well format at a final concentration of 10 µm. each plate was composed of 320 test compounds, 32 negative controls (5% Dmso), and 32 positive controls (10 µm novobiocin). to perform the screen, 14 µl of a 1.5× master mix of 60 nm Novo-trX/60 nm gyrB was added to all the wells using the Wellmate bulk liquid dispenser (thermo scientific). the platemate plus liquid handler (thermo scientific) was then used to add 7 µl of the positive and negative controls to the plate, and then 7 µl of the test compounds in 15% Dmso was added to the plates, resulting in a final concentration of 40 nm Novo-trX, 40 nm gyrB, 10 µm compound, and 5% Dmso. the plates were incubated for 1 h at room temperature, and the Fp signal was measured as described above. the Z′ factor, Z factor, and signal-to-noise (s/N) and signal-to-background (s/B) ratios were calculated as described by Zhang et al. 20 
Dose-response experiment
the ability of the hits identified in the Hts to disrupt the interaction of Novo-trX with gyrB was confirmed using an Fp dose-response experiment. the potent smallmolecule inhibitor, N-ethyl-N′-[7-(2-pyridinyl)-5-(3-pyridinyl)-1H-benzimidazol-2-yl]-urea (Vertex-13), was synthesized as described 21 and used as an additional control to validate the assay. in brief, 40 nm Novo-trX was used along with 40 nm gyrB in black 384-well plates. Quadruplicate stocks of the compounds were made by first diluting the compound (stored in 100% Dmso) 10-fold into the assay buffer + 15% Dmso, then serially diluting 3-fold with assay buffer + 15% Dmso to yield 3× compound concentration; 7 µl of the compounds was then mixed with 14 µl of a 1.5× mixture of Novo-trX/gyrB to give a final volume of 21 µl and 5% Dmso. the Fp was read after a 1-h incubation at room temperature as described above. the background signal was subtracted and the Fp signal was normalized to the Dmso control. Data were plotted and fitted, and the concentrations resulting in 50% inhibition (iC 50 ) were calculated using the sigmoidal dose-response equation in the graphpad prism 4 software.
Gyrase activity assay
gyrase activity was measured using the purified E. coli DNA gyrase and relaxed DNA kit (topogen, port orange, Fl) according to the manufacturer's instructions. Briefly, the E. coli gyrase holoenzyme was incubated with 0.5 µg of the relaxed pHot1 DNA for 1 h at 37 °C, and the level of supercoiling was measured by agarose gel electrophoresis. DNA was visualized with ethidium bromide staining.
reSuLtS And dIScuSSIon
Design of FP assay for GyrB
Although enzymatic assays for gyrB exist, an equilibrium binding assay suitable for Hts would have several advantages. since the holoenzyme is a heterotetramer (A 2 B 2 ), enzymatic assays require the recombinant production of both the gyrA and gyrB subunits and then subsequent mixing to form the active complex. the enzymatic assays have the potential to identify inhibitors at multiple binding sites. A homogeneous equilibrium binding assay, such as Fp, requires minimal reagent addition steps and can be used to efficiently identify inhibitors of the gyrB Atp binding site in an Hts format.
the assay design strategy was to use the natural product novobiocin, which is known to tightly bind into the Atp binding site of gyrB, and tether a fluorescent dye off of a solventexposed position of the molecule. labeling small-molecule ligands with fluorescent dyes is less common for Fp assays since the labeling chemistry often results in substantial increases in molecular weight and alterations of molecular properties. in the case of novobiocin, it was hypothesized that such an approach would be feasible since the ligand is relatively large (612 Da), and crystal structures of novobiocin bound to gyrB have revealed the precise binding mode of the ligand, which can be used to identify optimal attachment points. A key advantage of such a system is that the size discrepancy between novobiocin (<1 kDa) and the purified full-length gyrB (92.5 kDa) should be reflected by a large change in polarization values upon binding.
Design and synthesis of Novo-TRX
the crystal structure of novobiocin bound to gyrB (pDB entry 1KiJ) reveals that most of the molecule is deeply buried within the protein active site, with the exception of the phenolic benzamide ring, and the proposed modification was modeled in the active site to confirm solvent accessibility of the attached moiety (see supplemental data online at http://jbx.sagepub .com/content/by/supplemental-data). since the phenol group was directly interacting with an aspartic acid residue (Asp80 on 1KiJ), the ortho position of this ring was the ideal position at which to attach a fluorescent labeling group. this position of novobiocin was specifically labeled using a mannich reaction, which is selective for aromatic ring positions ortho to a phenol group, and can be carried out under neutral conditions. Novobiocin is known to degrade under either basic or acidic conditions, so the neutral conditions of the mannich reaction were ideal for the conjugation chemistry.
the novobiocin sodium reacted with formaldehyde and methyl-amine to give a reactive novobiocin methylamine intermediate that could be conjugated to various electrophilic fluorescent dyes (see supplemental data online at http://jbx .sagepub.com/content/by/supplemental-data). the novobiocin derivative was coupled to the long-wavelength rhodamine derivative, texas red, since its excitation/emission maxima (595/615 nm) are in a range that reduces the chances of optical interference from screening compounds. the novobiocin methylamine was reacted with texas red-X succinimidyl ester with base and then purified using HplC to yield the pure probe Novo-trX.
Equilibrium binding experiment
Kinetic experiments were performed to determine the time needed for the binding of Novo-trX to gyrB to reach equilibrium. the experiment examined both the association and dissociation components of the interaction in real time (Fig. 1) . to begin, increasing concentrations of gyrB (25, 50, and 100 nm) were mixed with 40 nm Novo-trX, and the Fp signal was monitored every 30 s until equilibrium was reached. the binding of Novo-trX to gyrB results in an increase in the Fp signal over time. As anticipated, the rate of association was faster with higher concentrations of gyrB, as evidenced by the larger initial mp values due to the time resolution of the plate reader. For all reactions, equilibrium was reached by 1000 s (~17 min). to establish that the observed binding was specific, a 125-fold excess (10 µm) of unlabeled novobiocin was added to the samples, and the change in Fp signal was measured in real time. the large excess of unlabeled novobiocin was able to compete better than the Novo-trX for binding to gyrB, and the Fp signal decreased over time. As with the association experiments, the new binding equilibrium was reached by roughly 1000 s after the addition of the unlabeled novobiocin. A 1-phase exponential decay equation was used to determine that the average half-life of dissociation was 230 s for the 3 concentrations of gyrB; the association reaction was too fast to determine accurate rates. the ability to monitor binding events in real time in a homogeneous solution is a major advantage of Fp over other binding assays that require a separation step to measure the interaction. Binding experiments, including the Hts, were incubated for 60 min before the Fp signal was measured to guarantee that equilibrium had been reached in the assay.
Saturation binding experiment
experiments were performed to determine the concentration of gyrB that was necessary to reach 100% saturation of binding to Novo-trX. preliminary experiments performed with concentrations of Novo-trX ranging from 1 to 80 nm determined that 20 to 80 nm Novo-trX resulted in the best window of the assay and Z′ value (see supplemental data online at http://jbx.sagepub.com/content/by/supplemental-data). lower concentrations of Novo-trX resulted in increases in the baseline Fp signal. to keep the concentrations of gyrB as low as possible without jeopardizing the reproducibility, 40 nm Novo-trX was chosen for Hts because it was slightly more consistent than 20 nm Novo-trX. to determine the strength of the interaction of Novo-trX with gyrB, increasing concentrations of gyrB were incubated with 40 nm Novo-trX for 1 h to ensure that the binding was at equilibrium. on the basis of the crystal structure, we predicted that the addition of the fluorophore would result in a minimal perturbation of the binding. the resulting binding data were fit, and the eC 50 was calculated to be 17.5 ± 0.02 nm (Fig. 2) . Beyond verifying the interaction of Novo-trX with gyrB, the saturation curve was also used to determine the concentrations of gyrB and Novo-trX that would be most suitable for the assay in an Hts. Concentrations that resulted in ~80% saturation of binding were chosen.
Solvent susceptibility experiment
Before performing Hts, we tested common solvents and additives for their effect on the binding of Novo-trX to gyrB using the Fp binding assay. the concentration of 40 nm Novo-trX and 40 nm gyrB was chosen so that binding was roughly 80% saturated. the complex was then incubated with increasing concentrations of Dmso, triton X-100, tween-20, and BsA. Dmso, which is commonly used as a solvent for the compounds in a chemical library, had a minimal effect on binding at percentages up to 10% (v/v). Understanding what levels of Dmso could be tolerated by the assay was important, especially in an Hts for small fragments that may have low affinity for the binding site and will need to be tested at higher concentrations (>50 µm). the nonionic detergents, triton X-100 and tween-20, also only slightly perturbed binding even at percentages close to 10% (Fig. 3A) . Additional studies using the detergents in saturation binding experiments demonstrated that the detergents significantly raised the background of the assay (data not shown). it is likely that the level of the signal observed at the highest concentrations of the detergents is equivalent to the background caused by the detergent. it is also possible that the detergents were able to bind to Novo-trX and increase the Fp signal. BsA was well tolerated in the assay up to concentrations around 1 µm; higher concentrations resulted in nonspecific binding (Fig. 3B ).
HTS of a small chemical library
As a proof-of-principle test for the ability of the Fp assay to identify inhibitors of the F. tularensis gyrB at the Atp binding domain, the assay was used to screen a small chemical library consisting of 1040 FDA-approved compounds and 80 additional antibiotics (Fig. 4A-c) . the library was large enough to test the statistical robustness of the assay using multiple liquid handlers that would be required for a large-scale screen. the screen was repeated with a new preparation of gyrB to demonstrate the reproducibility of the assay. the library was chosen because novobiocin was present in multiple locations and would serve as a positive control in the Hts. the compounds were screened at a concentration of 10 µm against a complex of 40 nm Novo-trX and 40 nm gyrB in 5% Dmso. the Z′ factor, Z factor, and s/N and s/B ratios were calculated as described by Zhang et al. 20 the Z′ factor and Z factor are statistical measures used to determine the quality of the controls and entire data set, respectively. Values between 0.5 and 1.0 indicate that there is significant separation between the high and low signal. the large window of the assay (the distance between the high and low controls), along with the highly consistent data points, resulted in a very robust, reproducible screen (Z′ = 0.8). Both screening efforts had similar Z′ factors, even though the control values are slightly different. the variation in the values between screens is most likely due to differences in purity or activity of the protein preparation used for the screen. in both screens, 8 compounds were identified that decreased the binding of 40 nm Novo-trX to 40 nm gyrB by greater than 40%: 4 internal novobiocin controls and 4 members of the anthracycline family of cancer chemotherapeutics (doxorubicin, idarubicin, epirubicin, and daunorubicin). this family is known to have anti-topoisomerase ii activity, although it is thought that this activity is through DNA intercalation. [23] [24] [25] [26] Dose-response experiment the ability of the hits from the Hts to prevent the interaction of Novo-trX with gyrB was confirmed using a dose-response experiment. increasing concentrations of the compounds were incubated at room temperature for 1 h with 40 nm Novo-trX and 40 nm gyrB before the Fp signal was measured. the gyrB inhibitor, Vertex-13, 21 was included in the dose-response assay as a positive control to further validate the Fp assay with a small-molecule inhibitor that is structurally different from novobiocin. the iC 50 was determined by fitting the data using the sigmoidal dose-response equation, as described above (Fig. 5) . the iC 50 was determined to be 33, 310, 1270, 1580, 1460, and 393 nm for novobiocin, doxorubicin, epirubicin, idarubicin, daunorubicin, and Vertex-13, respectively. Although Vertex-13 is more potent against Staphylococcus aureus and E. coli gyrase than novobiocin, 21 it was found to be approximately 10-fold less potent in the F. tularensis system. this difference in potency could result from structural differences in the Atp binding site of F. tularensis. 22
Gyrase activity assay
the hits were tested in a secondary activity assay to determine if they could prevent the conversion of relaxed plasmid DNA to supercoiled DNA by an E. coli gyrase A 2 B 2   FIG. 2. saturation binding experiments for the interaction of Novo-trX with gyrB. the homogeneous binding of Novo-trX to gyrB was measured under equilibrium conditions to determine the amount of gyrB needed to saturate binding. increasing concentrations (0-2500 nm) of gyrB were incubated with 40 nm Novo-trX and incubated for 1 h before the binding was measured. the average fluorescence polarization (Fp) signal (mp) for 4 replicates was determined, and the error bars represent the standard deviation. to determine the eC 50 , the data were fit using a sigmoidal dose-response equation .  FIG. 3 . the effect of common additives on the binding of Novo-trX to gyrB. Common buffer additives were tested for their ability to alter the interaction of 40 nm Novo-trX with 40 nm gyrB in a homogeneous fluorescence polarization (Fp) binding assay. the average Fp signal (mp) for 4 replicates was determined, and the error bars represent the standard deviation. (A) Dmso and the nonionic detergents, triton X-100 and tween-20, were tested from 0% to 50% (v/v) and 0% to 10% (v/v), respectively. (B) Bovine serum albumin (BsA) was tested from 0 to 1000 mg/ml (0-15 µm).
FIG. 4.
High-throughput screening (Hts) of Food and Drug Administration (FDA)-approved drugs for inhibitors of Novo-trX binding to gyrB. A small Hts of a library of FDA-approved compounds and 80 additional antibiotics (in triplicate) was repeated twice in a 384-well microplate format to validate the usefulness of the fluorescence polarization (Fp) assay in identifying inhibitors of Novo-trX binding to gyrB. (A) A summary and statistical comparison of both Hts with the Z′ factor, Z factor, and signal-to-noise (s/N) and signal-to-background (s/B) ratios were calculated according to Zhang et al. 20 (B) Compounds were screened at a final concentration of 10 µm for the ability to inhibit the interaction of 40 nm Novo-trX with 40 nm gyrB. shown is the Fp signal (mp) for each sample from the first Hts. A hit was classified as a compound that inhibited greater than 40% of the binding of Novo-trX to gyrB. (c) each plate also contained 32 high signal control samples (Dmso) and 32 low signal control samples (10 µm novobiocin). shown are the values from the first Hts, which is representative of both screens. heterotetramer. initial experiments tested the activity of 10 µm of each compound in preventing the supercoiling of 1.0 µg of relaxed DNA. As anticipated, novobiocin was able to completely prevent supercoiling by the gyrase holoenzyme, whereas none of the anthracycline compounds was able to prevent supercoiling (data not shown). the lack of activity of the anthracyclines was particularly surprising because the compounds are documented to intercalate into DNA and have anti-topoisomerase ii activity. [24] [25] [26] the ability of the compounds to directly cause DNA supercoiling along with both the gyrase and DNA competing for binding to the anthracyclines, which would result in lower concentrations of compound, most likely resulted in the false-negative activity in the first conditions tested. 27, 28 in a second set of experiments, the holoenzyme was incubated with 50 µm of each compound and 0.5 µg of the relaxed DNA for 1 h at 37 °C, and the amount of supercoiling was analyzed by agarose gel electrophoresis and ethidium bromide staining (Fig. 6) . Dmso was used as a vehicle control, and presupercoiled DNA alone was loaded as a negative control. A second set of reactions without the gyrase holoenzyme was used to control for supercoiling caused by the compound treatment. Under the second set of conditions, doxorubicin and epirubicin were able to inhibit supercoiling to the level of the no-gyrase control and below the Dmso control. the activity of idarubicin and daunorubicin is less clear because the level of supercoiling caused by the treatment alone is comparable to the level of supercoiling with the gyrase. Although the members of the anthracycline family are known eukaryotic topoisomerase ii poisons, they have not previously been reported to directly inhibit the Atp binding domain. Future experiments testing the activity against the eukaryotic topoisomerase and other kinases will be used to determine the selectivity of any hits identified with the Fp assay.
concLuSIonS
We have developed a novel Fp assay that specifically measures competition for binding to the Atp binding domain of F. tularensis gyrB. the assay uses a novel binding probe, Novo-trX, which is composed of a long-wavelength fluorescent dye conjugated to the known ligand novobiocin. this homogeneous, nonradioactive assay has been optimized for screening in a 384-well format and has demonstrated robust assay statistics (Z′ = 0.80). the stability of Novo-trX has been demonstrated to be suitable for real-time binding kinetics studies and can be used to determine the binding kinetics of potential inhibitors. the high level of conservation in the Atp binding domain suggests that the Novo-trX probe would be a valuable tool to study the gyrB of any bacterial species. this new methodology has been successfully used to rapidly screen a small library of compounds, and a novel mechanism for the direct inhibition of bacterial gyrase by the anthracyclines was identified and confirmed using a secondary activity assay. 
FIG. 6.
A secondary gyr activity assay to confirm hits from highthroughput screening (Hts). A secondary assay using the Escherichia coli gyr A 2 B 2 heterotetramer was used to confirm that the hits from the Hts were able to prevent the supercoiling of 0.5 µg of the relaxed plasmid DNA (pHot1). reactions with and without the gyrase heterotetramer were incubated for 1 h with 50 µm of novobiocin (1), doxorubicin (2), epirubicin (3), idarubicin (4), daunorubicin (5), or Dmso (D), and the conversion of relaxed plasmid DNA to supercoiled (sC) DNA was analyzed by electrophoresis on an agarose gel and detected with ethidium bromide staining. relaxed DNA and sC DNA were included as positive and negative controls, respectively.
reFerenceS
